This study develops a new technology for conjugation between surface-modified Fe 3 O 4 nanoferrofluid and DNA that can be applied for biological sensors. After fabrication by chemical disposition and thorough washing, centrifuging and sieving, pure Fe 3 O 4 nanoferrofluid with mean particle size of 15 nm was obtained. PVP-k30 (Polyvinyl pyrrolidone) acts as dispersant to maintain a stable suspension of the Fe 3 O 4 nanoferrofluid, which is then added to and fully mixed with deionized water (ddwater) (pH >7). Experimental evidence shows that the surfaces of the Fe 3 O 4 particles carry positive charge and can effectively create a conjugating reaction with DNA. In addition, this TiO 2 nanofluid with mean particle size of 20 nm and high suspension stability is used to conjugate with another type of DNA. Finally, two sets of fluids, Fe 3 O 4 and TiO 2 , that have undergone conjugating reactions with different types of DNA are mixed in a culturecell, so they are linked together through the hybridization between different types of DNA. By spectrophotometer analysis, it is shown that DNA still exists in the fluid after hybridization, verifying that the hybridization technology between different types of DNA developed in this study is very successful.
Introduction
In the last decade, the nanotechnology has become an indispensable research domain, and its scientific and technical applications have been growing rapidly. There have been many studies on the application of nanoparticle carriers to biological chip, delivery of genes and pharmaceutical treatment.
1) Nanoparticles can be combined with different biological molecules (including proteins, enzymes, peptides, DNA, and others), and frequently can be used as fluorescence biomarkers to monitor the conditions of living things.
2) At present, magnetic materials play a very important role in the healthcare application, and iron oxide (Fe 3 O 4 ) is the best magnetic material for used as a biological catalyst.
3) Its low toxicity, cleanliness and the good magnetic properties have led its extensive application in different areas of biomedicine, such as isolation and purification of cells, transmission of medicine, etc. DNA isolation and purification methods, as early as 1967 have been used as cationic surfactants for DNA isolation. 4, 5) More recently, there has been increasing interest in DNA absorbance by the hydrophilic group of cationic surfactants. [6] [7] [8] [9] [10] The reason that anionic surfactants have no reaction with DNA is that the surfaces of both the hydrophilic group of anion surfactant and the phosphoric acid group of DNA carry a negative electric charge, so there is no adsorption. On the contrary, since the negative electric charge on the surfaces of the DNA can attract the cation, the efficiency of mutual adsorption between DNA and nanoparticles can be enhanced. 11) L. R. Hilliard use the hydroxyl group on the surface of MPTS and SiO 2 to form a covalent bonding, so that the surface of SiO 2 is modified by the thiol group, which is beneficial for the conjugation with DNA. After that, in a higher saline environment with 20 mM of Tris-HCl (pH 8.0) and 37 mM of MgCl 2 , the efficiency and quality of DNA and probe DNA hybridization can be enhanced. 12) This indicates that at least under such a severe environment of high salinity and only under the effective control of temperature and reaction time can high-quality DNA hybridization reaction be achieved. VP-k30 is a nontoxic and highly viscous natural polymer. Since it is soluble in water and organic solvents, PVP-k30 is often used as the binder for medicine in tablets. In addition, PVP-k30 has been applied to silver nanoparticles to protect them by preventing the generation of hydrazine hydrate on the surface of the silver particles, and thereby achieve more even dispersion. 13) Of these many studies, most use PVP-k30 to increase the dispersion of nanoparticles, but it has not been applied independently for the adsorption and immobilization of DNA. Thus, the conjugation between nano-scale Fe 3 O 4 and TiO 2 with DNA and the hybridization between different types of DNA has been much less thoroughly discussed. This paper takes polyvinyl pyrrolidone (PVP-k30, Mw ¼ 40;000) as the surfactant for application to the surface adsorbent of Fe 3 O 4 and TiO 2 nanoparticles. Its cationic hydrophilic group can be used to attract DNA so that the DNA can be immobilized on the surface of nanoparticles. After the experiment, SEM and TEM images are used to observe the dispersion after the addition of PVP-k30. In addition, Zetasizer (Malvern ZS-90) and SQUID are used to measure the hydraulic radius after the adsorption of nanoparticles as well as the PVP-k30, Zeta potential and saturation magnetization. To verify the efficiency of its reaction, an ultravioletvisible (UV-Vis) spectrophotometer is employed to analyze the difference in concentration before and after the adsorption of nanoparticles and DNA.
Experimental
An Fe 3 O 4 aqueous solution with mole of 39 mM is first synthesized by the chemical precipitation method.
14,15) This study uses a particle size analyzer (Malvern zetasizer ZS-90) to measure the mean particle size. In addition, an SEM image is used to observe the shape and dispersion. After that, PVPk30 and antiseptic double deionized water (ddwater) are mixed together to form 40 mM of aqueous solution. The dosages of 1.0 ml, 1.5 ml, 2.0 ml, 2.5 ml and 3.0 ml of the solution are respectively added to 15 ml of Fe 3 O 4 aqueous solution. After thorough blending for 2 hours, the mixture of Fe 3 O 4 and PVP-k30 solutions are loaded into a Teflon capsule to measure the magnetic performance. SQUID is preset under room temperature and at the magnetic field range AE10000 Oe to analyze the difference in the saturation magnetization of the hysteresis curve of PVP-k30 at different dosages. By doing so, the optimal dosage can be determined, reacted with the DNA adsorption. The self-developed plasma arc discharge nanofluid synthesis system is used to produce a TiO 2 nanofluid with good suspension stability.
16) The major equipment used in this nanofluid synthesis system includes a plasma arc discharge processing system, nanofluid collection system, cooling circulation system and pressure control system. The main function of the plasma arc discharge system is to use the high temperature produced by high energy plasma arc during its instantaneous release to vaporize the metal inside the processed chamber within a short period of time. The nanofluid collection system and cooling circulation system pre-condenses the deionized water so as to maintain a low temperature during the collection of nanofluid and to further suppress the excess growth and clustering of the particles. Similarly, TiO 2 nanopowder is mixed with the antiseptic ddwater to form about 10 mM of nanofluid, and the same surface modification method is applied. Zeta potential analyzer and pH meter are then used to analyze the change of Zeta potential and pH values both before and after modification. Furthermore, the mixture of Fe 3 O 4 and PVP-k30 fluid and the mixture of TiO 2 and PVP-k30 fluid is dried to form a powder for thorough mixing with KBr (1 : 200). After the powder is pressed as thin tablets, Fourier transform infrared (FTIR) spectroscopy is used to analyze the change in functional group after adsorption.
13) The dry powders of oligonucleotide primer (Purigo Biotech Inc.) c1DNA (5 0 ACGTCGACGTACG 3 0 ) and of c2DNA (5 0 TGCAGCTGCATGC 3 0 ) are respectively dissolved in 468 ml and 515 ml of antiseptic deionized water (pH 8.3) to a molality of 100 mM, and the fluids are reserved for later use. A UV-visible spectrophotometer is used to measure the special absorbance peak of DNA at the wavelength of 260 nm. [17] [18] [19] Add 2.5 OD (64.3 ml) of oligonucleotide primer into the aqueous solution with 1.2 ml of Fe 3 O 4 and 1 ml of TiO 2 . After it has been kept still at room temperature for 15 hours and thoroughly reacted, a 6000 Gauss magnet is placed on the outside of the tube for 1 hour to use the magnetic attraction to bring the suspended Fe 3 O 4 -c2DNA complex to the button of the tube. Then, after it has undergone centrifuge process at 10000 rpm for 5 minutes, the supernatant (mismatch of c2DNA) is carefully taken out. The gel left at the bottom of the tube (Fe 3 O 4 -c2DNA complex) is supplemented with TE buffer (10 mM of Tris, 5 mM EDTA of solution, pH 7.4) for repeated cleaning and centrifuging for 2 times to remove salt from liquid. Similarly, after the TiO 2 -c1DNA complex has been centrifuged for 5 minutes, the supernatant is carefully taken out. The TE buffer and the TiO 2 -c1DNA complex at the bottom of the tube are thoroughly mixed, and the salt content is completely removed. Finally, Fe 3 O 4 -c2DNA complex and TiO 2 -c1DNA complex are mutually mixed in the aqueous solution with 20 mM of Tris-HCl (pH 8.0) and 30 mM of NaCl 2 to perform hybridization reaction. Again, a UV-vis spectrophotometer is used to analyze its immobilization efficiency.
Results and Discussion
By using a particle size analyzer, it is known that the hydraulic radius of the well-prepared Fe 3 O 4 -PVP-k30 aqueous solution is around 25 nm. That is to say, the secondary particle size of the Fe 3 O 4 nanoparticles is 25 nm. A Zeta potential analyzer is then used to measure the Zeta potential after surface adsorption of Fe 3 O 4 nanofluid with PVP-k30. The measured pH value shows that the Fe 3 O 4 -PVP-k30 aqueous solution appears to be weakly acidic, as shown in Table 1 . The pH value of PVP-k30 is between 2.5 and 7. After the PVP-k30 is added to the Fe 3 O 4 aqueous solution, the pH value of the Fe 3 O 4 solution is neutralized from strong alkaline to weak acidic. The pH value is close to the physical pH value of human beings. Figure 1(a) is the SEM image of the Fe 3 O 4 aqueous solution after PVP-k30 is added. The figure shows that the particles are spherical and around 15 nm. Since the addition of PVP-k30 can achieve an more even dispersion with less clustering of particles, it is proved that PVP-k30 is adsorbed onto the surface of particles and is effectively dispersed. The secondary particle size of the TiO 2 nanoparticles is 30 nm, as measured by a particle size analyzer. Figure 1(b) shows the TEM image of a prepared TiO 2 nanoparticle before adding to PVP-k30. As shown in Fig. 1(b) , without aid of PVP-k30 which indicates good nanoparticle dispersion, the mean particle is around 20 nm.
The hysteresis curves of the Fe 3 O 4 nanoparticle after PVPk30 is added at different dosages are shown in Fig. 2 . Each hysteresis curve is non-residual magnetization, which is superparamagnetic. Different dosages of PVP-k30 would reduce the saturated magnetizable reaction of particle to the magnetic field. Its saturation magnetization would be reduced with higher dosage. Table 2 shows the saturation magnetization of Fe 3 O 4 nanoparticles and their saturated magnetization intensity after PVP-k30 is added with different dosages. It can be seen from Table 2 that when the dosage of PVP-k30 is 1.5 ml there is the least reduction of saturation magnetization, and both the dispersion and suspension are good. Furthermore, the experiment shows that precipitation will not occur when the dosage of PVP-k30 is 1.5 ml, and so this is selected as the optimal dosage to react with DNA. The UV spectrum of PVP-k30-Fe 3 O 4 in Fig. 3 shows the maximum absorption peak of 325 nm. 19) Similarly, UV-vis spectrum analysis is made on TiO 2 -PVP-k30, as shown in Fig. 4 , which shows that the wavelength of 235 nm is an absorption peak of TiO 2 . At the wavelength of 325 nm, there is also an absorption peak of PVP-k30, confirming that 325 nm is the absorbed wavelength of PVP-k30 in this experiment. It is also found that, although PVP-k30 is adsorbed by and immobilized on the surface of Fe 3 O 4 or TiO 2 particles, it does not mutually influence the original absorption properties of Fe 3 O 4 and TiO 2 .
After the optimal dosage of 1.5 ml of PVP-k30-Fe 3 O 4 is mixed with TE-buffer (10 mM of Tris and 5 mM of EDTA solution, pH 7.4) at the proportion of 1 : 1, 2.5 OD of primer is added to the fluid and placed under room temperature to react for 15 hours. Then, the aqueous solution of Fe 3 O 4 -c2DNA complex is centrifuged. The supernatant is carefully removed, leaving only the precipitate at the bottom of the tube. The same proportion of TE-buffer is added to redissolve the precipitate left at the bottom of the tube. The UV-vis spectrophotometer is used to analyze the conjugation efficiency of the re-dissolved Fe 3 O 4 -c2DNA complex after reaction. Figure 5 shows the UV-vis spectrum of the Fe 3 O 4 -PVP-k30-c2DNA complex, where the Fe 3 O 4 -PVPk30 + buffer is taken as the baseline to rule out impurities other than c2DNA. Since DNA has a special absorption peak at the wavelength of 260 nm, the adsorption efficiency of c2DNA at the wavelength of 260 nm after reaction can be found.
20) Figure 5 shows that after reaction, the absorption peak for the adsorption of c2DNA is E 260 ¼ 1:56 OD.
Comparing it with the initially added volume E 260 ¼ 2:5 OD shows that its conjugation efficiency can reach 62.4%. Similarly, when TiO 2 -PVP-k30 + buffer is taken as the baseline, the absorbance peak of the conjugation reaction of c1DNA and TiO 2 -PVP-k30 at the wavelength of 260 nm can be found. Figure 6 shows that the conjugation reaction of c1DNA is E 260 ¼ 0:63 OD, with a conjugation efficiency of 25%. These results indicate that the conjugation effect of Fe 3 O 4 and DNA is higher than that of TiO 2 and DNA. The surface of TiO 2 particle itself may have a special electric structure, so that instability still exists after the adsorption of PVP-k30, and thus leading to a reduced efficiency after conjugation with DNA. After that, the Fe 3 O 4 -PVP-k30-c2DNA complex and TiO 2 -PVP-k30-c1DNA complex are blended at the proportion of 1 : 1. The solution is supplemented with 20 mM of Tris-HCl (pH 8.0) and 30 mM of NaCl, and then reacted at 50 C for 2 hours. After hybridization reaction, the solution is placed on a 6000 Gauss magnet for 30 minutes, and the precipitate is carefully separated from the liquid. A UV-Vis spectrophotometer is used to analyze its spectrum, as shown in Fig. 7 , indicating that the hybridization is successful. However, when the spectrum chart was analyzed, it was found that special absorption peak at the wavelength of 260 nm was not obvious (OD 260 ), and the obvious absorption peak appeared in the range from 260 nm to 280 nm. Although the wavelength of 260 nm is not obvious, the hybridization of c1DNA and c2DNA is successful.
Conclusions
From the above results and discussion, the following four conclusions can be drawn:
(1 
